Introduction
Nowadays, as the energy and chemical industries have been developing rapidly all over the world, a huge volume of industrial wastes are produced, such as blast furnace slags, fly ash, tailings, and so on. [1] [2] [3] [4] [5] These industrial wastes not properly handled will cause serious environmental problems, including water and land pollution and air contamination. Thus, lots of researchers investigated the utilization of these industrial wastes, such as recycling of blast furnace slag in cement, glass fiber, concrete aggregate, tailing and utilization of fly ash in the building materials. [6] [7] [8] [9] [10] [11] Among them, there was a promising approach for the utilization of industry waste, i.e., preparation of foam glass ceramic for building insulation material. Lots of the industry waste can be used for this method, [12] [13] [14] [15] such as fly ash, blast furnace slag, red mud, tailings, etc. In addition, the final foam glass ceramic shows a good performance including low thermal conductivity, low water absorption, durability, high temperature resistance, etc. For this recycling method, the suitable foaming agent and melts composition are the key points reported by many researchers. 16, 17) Meanwhile, to obtain a better pore structure in the foam glass ceramic, some other additives were also required to modify the raw materials. Specially, sodium phosphate was the most common additive using as a stabilizer in the preparation of foam glass ceramic. Several researchers found that P 2 May 25, 2018) In this research, the effect of P 2 O 5 additions on the viscosity of CaO-SiO 2 -Al 2 O 3 -Na 2 O-P 2 O 5 melts was clarified using rotating cylinder method. In addition, the role of P 2 O 5 on the microstructure of these melts was investigated by Raman, Fourier Transformation Infrared (FTIR) and Magic Angular Spinning Nuclear Magnetic Resonance (MAS NMR) spectroscopic techniques. We found that an increase of P 2 O 5 content continuously increased the viscosity of melts and meanwhile increased the apparent activation energy for the viscous flow. The FTIR and Raman results show that the degree of polymerization (DOP) got increased with more P 2 O 5 additions and this was consistent to the variation trend of melt viscosities. The MAS-NMR results show that there exist two kinds of PO 4 tetrahedron, namely, Q 0 (P) and Q 1 (P), in the samples and a transformation appeared between them with increasing P 2 O 5 content. The present study thus provided significant clues for stabilizing the pore structures in foam glass ceramics.
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and it had a powerful influence in the viscosity of melts.
18,19)
More attentions have been paid to the effect of this additive; however, few studies have reported the concrete effect of the P 2 O 5 addition in the melts in foam glass ceramic. Thus, the present research was motivated.
In this research, we clarified the influence of P 2 O 5 on the melts in foam glass ceramic. Firstly, the chemical compositions of melts in one type foam glass ceramic were determined. The ingredient formulation of melts with different P 2 O 5 addition was calculated according to these chemical compositions. The variation of viscosity of these designed melts was then measured. Generally, the viscosity was determined by the structure of melts and thus, the Raman spectra, Fourier transformation infrared (FTIR) and 31 P Magic Angular Spinning Nuclear Magnetic Resonance (MAS NMR) spectra were used for the research of glass structures.
Experimental Procedure

Sample Preparation
In this study, the chemical compositions of melts in foam glass ceramics were firstly determined, and one of the foam glass ceramic from Zhu et al. 18) was chosen for measurement. The test method was detailed as follows. 20) Firstly, the foam glass ceramic was broken up to 200 meshes below. Secondly, the sample ash (0.1 g) was mixed with HF (10 wt.%) solution leaching for 3 h, and with no stirring at room temperature. After the leaching process, the melt was dissolved out and only refractory phases (such as mullite) remained. Thirdly, on the basis of the change of chemical composition before and after treatment, the chemical com-position of melts can be calculated, and the result is shown in Table 1 .
In this sturdy, to better study the influence of P 2 O 5 addition, the chemical compositions of melts were projected based to the liquid phase in foam glass ceramic mentioned above. The target compositions are listed in Table 1 . Firstly, Analytical reagent grade (AR, Alfa Aesar) CaO, SiO 2 , Al 2 O 3 , Na 2 O and P 2 O 5 were used as raw materials and all these raw materials were mixed uniformly with the basicity of 1.00 (mass ratio of CaO to SiO 2 ) according to the Table 1 . Secondly, 200 g mixtures were placed in a molybdenum (Mo) crucible (Φ 40 × H 180 mm) and then placed in a high temperature tubular furnace at room temperature. Thirdly, the samples were heated from room temperature to 1 550°C at high purity Ar atmosphere. Specially, samples were heated at 1 550°C for about 2 h to ensure complete homogeneity of the samples. After these steps, the melts in Mo crucible were subsequently quenched (pouring into water quickly), and the samples obtained this way were confirmed to be a glassy state using the X-ray diffractometer (XRD) technique as indicated in Fig. 1 . At last, these samples with high temperature treatment were crushed below 200 meshes for viscosity and structure measurements.
Viscosity Measurement
As for the viscosity measurement, the rotating cylinder method by the instrument of Brookfield digital viscometer was used, and the sketch map of the experimental instrument (RTW-10) was indicated in Fig. 2 . As shown in the picture, to prevent melt contamination, the main parts (spindle, crucible and shaft) were made of Mo.
The samples of about 140 g were placed in the Mo crucible and then heated to 1 550°C using MoSi 2 heating elements and Ar gas (0.3 NL/min) was flowed into the alumina tube to prevent the oxidation of the Mo. Meanwhile, the Mo crucible was put inside the graphite crucible which prevented the melts spilling, and the thermocouple under the graphite crucible can detect the melts temperature of realtime monitoring. After the samples was heated at 1 550°C for 2 h to homogenize the melts, then the Mo spindle was cautiously putted into the melts and the bottom of this Mo spindle was over the crucible bottom at 10 mm. Besides, the Mo spindle was connected to the Brookfield digital viscometer through a Mo shaft, and then the data was imported into the computer for processing. In this measurement, a rotating speed of 200 r/min was used under a cooling rate of 5°C/min.
Spectral Measurements
Next, FTIR, Raman and MAS NMR were further used to research the structure of samples. Firstly, during the FTIR measurement (Nicolet, Magna-IR750, Kbr detector), 2.0 mg sample (200 mesh) and 200 mg KBr were mixed evenly, and the mixture was then pressed into a disc of 13 mm in diameter. The sample was recorded at a scope of 4 000-400 cm , and each sample were collected of 20 scans. Secondly, the Raman scattering measurements (JY-T64000) were performed using a multichannel modular triple Raman system with confocal microscopy at room temperature. The excitated source was the solid-state diode laser (532 nm, Coherent Company-Verdi-2) with a laser Fig. 1 . XRD results of the pre-melt melt. power of 1 mW. The range of measured frequency band was from 100 to 2 000 cm − 1 with an accuracy of 1 cm
wavenumber. The acquisition time of each sample was 60 s. Thirdly, solid state 31 P MAS-NMR was measured using a Solid-State NMR Spectrometer (AVANCE III, 400 MHz WB, Bruker). 31 P spectra was collected at a field strength of 2.35 T, and the resonance frequencies in this measurement was 40 MHz. In addition, the spinning rate was 5 kHz and the delay time was 60 s. The flip angle for 31 P MAS-NMR measurement in this research was 45°.
Results and Discussion
The Effect of P 2 O 5 Content on Viscosity
The effect of P 2 O 5 additions on the viscosity of samples was firstly researched, and the results are shown in Fig. 3(a) , based on which several points can be observed.
Firstly, the viscosity of samples increased with decreasing temperature overall. Generally, the coactions between the flow units have a direct influence on the viscosity of melts above break temperature. The volume expanded with increasing temperature, and this caused that the connections between various flow units became weaker. 21) Thus, the viscosity of melts decreased on the macro level.
Secondly, it can be observed directly that the viscosity of samples raised with increasing P 2 O 5 additions, and this effect of P 2 O 5 addition is also studied by other researchers in different melts systems. Sun et al. 22) investigated the effect of P 2 O 5 addition on a complex melts system of CaO-SiO 2 -Al 2 O 3 -MgO-TiO 2 -P 2 O 5 with different basicity. The results shown that the viscosity of samples with each basicity increased with increasing P 2 O 5 content. The viscosity of FeO-SiO 2 -V 2 O 3 -CaO-P 2 O 5 melts was measured in the temperature range of 1 400 to 1 500°C by Zhang et al. 23) It was found that high basicity resulted in lower viscosity and the viscosity increased with increasing P 2 O 5 content. The effect of P 2 O 5 addition in this study also shows that the viscosity of melts increased with more P 2 O 5 additions. The reason for this change was that P 2 O 5 was a normal acidic oxide. It performed the role of network former in melts and shown a strongest acidity. 24) Thirdly, there was small difference in the viscosity values at high temperature (beyond 1 520°C) with different P 2 O 5 content. It was because that the viscosity depended more on the temperature at this stage than on the P 2 O 5 content. Moreover, there was a sudden increase appearing in the viscosity of melts between 5 and 7 wt% of P 2 O 5 . The appearance of inflection points in the viscosity were due to the crystal's initial precipitation stages in the melts which was also mentioned in other researches. 25, 26) The temperature corresponding to the inflection point was defined as break temperature, and the melts changed into a type of non-Newtonian fluid below this temperature. 21) Furthermore, the relation between the temperature (T) and the viscosity (η) can be described according to the Arrhenius equation shown below. 27) In this equation, E η , R and A were denoted as the apparent activation energy, universal gas constant and pre-exponential factor, respectively.
The E η (Apparent Activation Energy) shown in this equation stands for the energy barrier that the liquid flow need to surmount at different equilibrium states in melts, and it should remain a certain value before the generation of crystal phases that the melts was Newtonian fluid. The variation of apparent activation energy also manifested the change of structure in melts. In this study, as shown in Fig.  4 , the Napierian logarithm of the viscosity (completely liquid area) for all samples vs reciprocal of temperature was exhibited. Thus, according to Eq. (1) above, the E η were calculated from slope of the fitted lines and the result are indicated in Fig. 3(b) . Overall E η increased with the raising P 2 O 5 addition, which shows the increase of frictional resistance for viscous flow in melts. In addition, the rising tendency of E η was similar to the change of viscosity with different P 2 O 5 addition in this study. This increasing E η also indicated the higher polymerization and denser structure of the samples with increasing P 2 O 5 addition, which would be discussed later.
The FTIR Spectra of CSANP Melts
In this study, as the viscosity changes with various P 2 O 5 addition mentioned above, it is requisite to research the melt structure for explaining the mechanism. As shown in Fig. 5 , the FTIR absorption spectra of all the samples were measured. Overall the effective spectra range from 400 to 1 300 cm − 1 can be divided into three parts: 400 to 600 cm . Firstly, from 750 to 1 300 cm − 1 (high-wavenumber region), there was a strong broad band, and it was assigned to the symmetrical stretching vibrations generally of SiO 4 and PO 4 tetrahedron. Specially, several researches [28] [29] [30] indicated that the varying kinds of Q n (Si) species (n: 0 to 4, the figure of bridging oxygens in SiO 4 tetrahedron) were located at ~850, ~900, ~950-1 000, ~1 050 and ~1 200 cm − 1 with n from 0 to 4, respectively. It can also be seen from Fig.  5 that Q 4 (Si) was not detected in all spectra. Besides, for the samples with higher P 2 O 5 addition, the vibration of PO 4 tetrahedron was also shown at ~1 040 cm − 1 which related to v 3 . Moreover, it can be seen obviously that the center of these broad brands moved to higher wavenumber area with more P 2 O 5 additions in melts. This indicated that the contents of Q 1 (Si) and Q 0 (Si) decreased while those of Q 2 (Si) and Q 3 (Si) increased. The DOP of the samples got thus increased, and this variation was consistent with the viscosity growth.
Secondly, a weak band in the 600-750 cm − 1 scope was due to the symmetric stretching vibration of AlO 4 tetrahedron. A decreased trend of the intensity can be seen with increasing P 2 O 5 content. The reason for this decrease was due to the relative content of Al 2 O 3 decreased in melts and the P 2 O 5 addition despoiled the oxygen in AlO 4 tetrahedral for the PO 4 tetrahedral formation. 31) Thirdly, according to other researches, the vibration of T-O-T bending (T: Si, Al, P) was generally in the range of 400-600 cm − 1 . In this study, there was a P-O-P bending (v 4 ) gradually appearing at ~540 cm − 1 with higher P 2 O 5 addition, which also indicated more and more phosphorus atoms were inserted in the networks.
32)
The Raman Spectra of CSANP Melts
In this study, in order to further analyze the melt structure of samples, the Raman spectra was also used for characterizing the samples, as shown in Fig. 6 . A similar overall curve can be seen in the results of Raman spectra that of FTIR results. It can also be divided into three sections from 300 to 1 200 cm
: 300-600 cm . Firstly, the part of 300-600 cm − 1 could be also subdivided into two regions. The band at 550 cm
was assigned to the Al-O-Al and Al-O-Si bending which became decayed with increasing P 2 O 5 content; the P-O-P bending, general located at ~450 cm − 1 can be noted at samples with higher P 2 O 5 addition.
Secondly, the region of 600-800 cm − 1 was generally assigned to the Si-O symmetry stretching vibration, and there was only a small peak in this region only at the sample CSANP-1 with no P 2 O 5 addition. This was due to the Al avoidance effect that Al atoms preferentially got into the central networks of silicate glass, and the other Si atoms acted as boundary SiO 4 tetrahedrons. 33, 34) Thus, the Si-O stretching linkages became weaker. In addition, with the P 2 O 5 added in sample, the peak of Si-O symmetry stretching vibration disappeared. This indicated that P atoms were inserted into the silicate network and meanwhile, the content of SiO 4 tetrahedron decreased.
Thirdly, as in the region of 800-1 200 cm − 1 , there was an observable variation with different P 2 O 5 additions. In this area, the peaks at ~870 cm − 1 and ~915 cm − 1 were generally relevant to the vibration of Q 0 (Si) and Q 1 (Si), 35, 36) respectively. According to previous research, 26) the relative Fig. 5 . FTIR absorption spectra of the samples. Fig. 6 . Raman spectra of the samples.
content of Q 0 (Si) in CSANP-1 was less than Q 1 (Si). The intensity of these peaks got weaker with more P 2 O 5 added. This was due to the essence of P 2 O 5 (typical acidic oxide) which preferentially linked with O atoms in melts. Thus, the DOP of SiO 4 tetrahedron increased and the abundance of Q 0 (Si) and Q 1 (Si) decreased. Besides, according to other studies, 32, 38) a peak at ~950 cm −1 was noted at sample CSANP-3 which can be attributed to the Q 0 (P), and a should peak at ~1 010 cm −1 became much clearer at samples CSANP-4 and 5 that can be assigned to Q 1 (P). The presence of these peaks proved that the P atoms entered into the melt structure and formed PO 4 tetrahedrons (Q 0 (P) and Q 1 (P)). The results in this study were in good accordance with the researches of Sun et al. 37) and Mysen et al. 38) Furthermore, the peak shifted to ~970 cm −1 with high content P 2 O 5 addition could be seen at sample CSANP-4 and 5, due to the generation of Q 2 (Si) (~980 cm − 1 ) from Q 0 (Si) and Q 1 (Si). These were consistent with the study mentioned above that P 2 O 5 addition led to a higher DOP and a higher viscosity of the melts.
3.4.
31 P MAS-NMR Spectra of CSANP Melts In general, there can exist four structure unit types of PO 4 tetrahedron in melts with different bridging oxygen (from
, respectively. Several researches 38, 39) found that the main structure of P in melts were PO 4 tetrahedron with 0 (Q 0 (P)) and 1 (Q 1 (P)) bridging oxygen. In this study, to further study the structure role of P in the melt networks, 31 P MAS-NMR spectra were measured for the samples CSANP-2 to 5, and the result was indicated in Fig. 7 .
In this portion, the spectra presented an asymmetry shifting to the lower frequency, and this indicated that at least two structure types of phosphate exist in the samples. The full width half maximums (FWHM) of these spectra was close to 8 ppm, which was close to the study observed by O'Donnell et al. 40) The peak of 31 P MAS-NMR spectra in this study was at the chemical shift of 11-13 ppm, and this could be divided into two kinds of PO 4 tetrahedron structures, Q 0 (P) and Q 1 (P), respectively. As reported by the previous studies, [41] [42] [43] the first resonance of Q 0 (P) was located at ~14.1 ppm (Na 3 PO 4 ) and ~2.4 ppm (Ca 3 (PO 4 ) 2 ) where the P was presented as a monophosphate complexity. The other resonance of Q 1 (P) was located at ~2 ppm (Na 2 P 2 O 7 ) and ~− 7 ppm (Ca 2 P 2 O 7 ) which indicated that diphosphate complex also existed in the melts. Furthermore, from these results, it can be also seen that the content of monophosphate decreased slightly with the increase of P 2 O 5 content in samples, which agreed well with the results in Raman spectra result mentioned above.
Based on the structure measurements of the samples, it can be seen that the DOP of samples got higher with the increasing P 2 O 5 content, which agreed well with the change of viscosity. P 2 O 5 was a typical acidic oxide that preferentially linked with O atoms in melts. The added P atoms entered into the melt structure and formed PO 4 tetrahedrons (Q 0 (P) and Q 1 (P)). Thus, the DOP of SiO 4 tetrahedron increased and the flow units become more complicated, resulting in the increase of viscosity. During the sintering process of foam glass ceramic, gases would be released in the melts, producing a series of occlude pores. The gas in the occluded pores exerted a pressure (Pg) on the pore walls. Due to the presence of this pressure, the pores had a tendency to get together and synthesize a big pore. In this case, the increasing viscosity of the melts with P 2 O 5 addition could prevent and modifying this trend of forming big pore. The PO 4 tetrahedron present in melts contributed to forming a continuous network structure, and this network structure could play a role in stabilizing the pore structures of foam glass ceramic.
Conclusion
In this research, the viscosity and structure of CaO-SiO 2 -Al 2 O 3 -Na 2 O-P 2 O 5 melts with varying P 2 O 5 additions were investigated. The main conclusions were summarized as follows:
(1) The viscosity of CaO-SiO 2 -Al 2 O 3 -Na 2 O-P 2 O 5 melt was greatly influenced by the P 2 O 5 additions, i.e., both the viscosity values and the viscous activation energy of melts increased with increasing P 2 O 5 content.
(2) FTIR and Raman spectra both indicated that the P 2 O 5 addition decreased the numbers of Q 1 (Si) and Q 0 (Si) while increased those of Q 2 (Si) and Q 3 (Si). The degree of polymerization of the samples got thus increased, resulting in the increase of melt viscosities.
(3) Based on the results of Raman and 31 P MAS-NMR spectra, the main PO 4 tetrahedron structures were Q 0 (P) and Q 1 (P) in the melt networks and there exist a transformation between them with increasing P 2 O 5 content.
(4) The P 2 O 5 added in the melts contributed to forming a continuous network structure in the foam glass ceramic, and this network structure could play a key role in stabilizing the pore structures.
